Autonomic dysfunction has been reported in patients with NAFLD (non-alcoholic fatty liver disease) and is associated with clinical presentations. To date, there are no therapies to improve autonomic regulation in people with NAFLD. The present study defines the impact of a short-term exercise programme on cardiac autonomic and haemodynamic regulation in patients with NAFLD. A total of 17 patients with clinically defined NAFLD [age, 55 + − 12 years; BMI (body mass index), 33 + − 5 kg/m 2 ; liver fat, 17 + − 9%] were randomized to 8 weeks of resistance exercise or a control group to continue standard care. Resting and submaximal exercise (50 % of peak oxygen consumption) autonomic and cardiac haemodynamic measures were assessed before and after the intervention. Resistance exercise resulted in a 14 % reduction in HR (heart rate) and 7 % lower SBP (systolic blood pressure) during submaximal exercise (16 beats/min, P = 0.03 and 16 mmHg, P = 0.22). Sympathovagal balance, expressed as LF/HF (low-frequency/high-frequency) ratio of the mean HR beat-to-beat (R-R) interval, was reduced by 37 % (P = 0.26). Similarly sympathovagal balance of DBP (diastolic blood pressure) and SBP variability decreased by 29 % (P = 0.33) and 19 % (P = 0.55), respectively in the exercise group only. BRS (baroreflex sensitivity) increased by 31 % (P = 0.08) following exercise. The mean R-R interval increased by 23 % (159 ms, P = 0.09). Parasympathetic regulation was decreased by 17 % (P = 0.05) and overall sympathovagal balance in BP regulation (LF/HF ratio) increased by 26 % (P = 0.02) following resistance exercise. Resting haemodynamic measures remained similar between groups. Resistance exercise therapy seems to improve autonomic and submaximal exercise haemodynamic regulation in NAFLD. Further studies are required to define its role in clinical management of the condition.
INTRODUCTION
NAFLD (non-alcoholic fatty liver disease) is the most common cause of liver dysfunction and has been referred to as the manifestation of the metabolic syndrome in the liver [1, 2] . NAFLD represents a spectrum of conditions ranging from simple steatosis, to steatosis plus necro-inflammation (non-alcoholic steatohepatitis), with or without fibrosis [1, 3] . It is estimated that NAFLD effects up to 30 % of adults in Western countries [4] .
Despite the high prevalence of NAFLD, only a small proportion of people go on to develop advanced liver disease [1] .
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NAFLD is, however, associated with an excess CVD (cardiovascular disease) risk [3] , which may represent a greater burden of the condition at a population level. It is therefore not surprising that autonomic dysfunction has been reported in NAFLD [5] , with prevalence studies reporting autonomic dysfunction in over two-thirds of patients with chronic liver disease [6] . This is clinically relevant because reduction in autonomic regulation, as assessed by measures of HRV [HR (heart rate) variability] and BRS (baroreflex sensitivity), is associated with an increased risk of sudden cardiac death in the general population [7] [8] [9] . Despite the clinical implications of altered autonomic regulation in NAFLD, there are currently no validated therapeutic strategies for its management.
The cornerstone of NAFLD management consists of lifestyle intervention, incorporating weight loss, dietary modification and increased physical activity and/or exercise [1, 3] . Exercise plays an important role in the management of NAFLD and is being increasingly studied with respect to the effects on liver fat independent of weight change. Aerobic exercise has been shown to have a beneficial effect on liver function in NAFLD independent of weight loss [10, 11] . Our group has recently demonstrated that resistance exercise reduces liver fat and its mediators independently of weight loss [12] and provides an alternative to aerobic exercise; it improves muscular strength, muscle mass and metabolic control, safely and effectively, in vulnerable populations [13] . It places less of a demand on the cardio-respiratory system and may therefore be accessible to more patients.
Exercise training is associated with improved autonomic regulation in overweight and obese participants [14, 15] . However, to date, no study has reported the effect of a structured exercise programme on autonomic and haemodynamic regulation in NAFLD. To address this, in the present study we defined the impact of previously reported 8-week resistance exercise therapy programme [12] on measures of autonomic and cardiac haemodynamic regulation at rest and during submaximal exercise in people with NAFLD.
MATERIALS AND METHODS

Patients
Out of 21 patients reported in our recent study [12] , we were able to monitor autonomic regulation in 17 patients with NAFLD from hepatology clinics within the Newcastle upon Tyne Hospitals NHS Foundation Trust or through advertisements in local newspapers. NAFLD was defined as >5 % IHL (intrahepatic lipid) on 1 H-MRS (see [12] for detailed methods) and a score of less than − 1.445 on the NAFLD fibrosis scoring system [16] , which indicates a lower percentage chance of having stage 3/4 fibrosis. Patients were randomly assigned to either resistance exercise (n = 9) or standard care (n = 8). Exclusion criteria included heart or kidney disease, implanted ferrous metal, pre-existing medical conditions preventing participation in the exercise programme, insulin-sensitizing treatment or dietary change (for people with Type 2 diabetes mellitus, diet and metformin were acceptable for inclusion if stable for 6 months) and alcohol intake above 21 units for men or 14 units for women. The study protocol was approved by County Durham and Tees Valley 2 Research Ethics Committee. All participants provided written informed consent.
Following an initial screening visit, anthropometric measures, a fasting blood sample and IHL were measured at baseline and after the intervention using the methods detailed previously [12] .
Measurement of cardiac haemodynamic and autonomic regulation
Cardiovascular assessments were completed at the same time of the day before and after the exercise intervention. All participants fasted for over 8 h prior to measurements and were asked to avoid taking part in any exercise at least 24 h prior to the visit.
HR was assessed by ECG and beat-to-beat stroke volume, cardiac output and cardiac index was assessed using impedance cardiography [17] (Task Force Monitor, CNS Systems). Beat-tobeat BP (blood pressure) was measured by the vascular unloading technique [18] , corrected automatically to the oscillometric BP measured on the contralateral arm. Data were collected (i) at rest with the participant supine (following 10 min of acclimatization measurements were taken for 20 min), and (ii) between 30 and 45 min of a submaximal exercise cycle at 50 % of their baselinė V O 2 peak (peak oxygen consumption).
Power spectral analysis of HRV and BPV (BP variability) has been proved as a simple, useful, non-invasive method for analysing the autonomic mechanisms through the measurement of beatto-beat variations in R-R interval length and continuous arterial BP [19] . The HF (high-frequency) region of the power spectral is mediated by the parasympathetic nervous system, whereas the LF (low-frequency) component is controlled by both the sympathetic and parasympathetic arms of the autonomic nervous system. The LF/HF ratio power is used as an indicator of sympathovagal balance [19] .
HR interval variability was calculated by comparing the LF (0.05-0.17 Hz) with HF (0.17-0.40 Hz) corrected for the R-R interval of an ECG complex. SBP (systolic BP) and DBP (diastolic BP) variability (0.05-0.17 Hz), with absolute and normalized values, were calculated using power spectral analysis and by applying an autoregressive methodology [18, 20] . Considering limitations of spectral analysis in quantifying autonomic nervous system tone by the power spectral densities of these bands [21] , they are referred to as autonomic modulation of the sinoatrial node and vasomotion using the following equation [19, 20] : Parasympathetic = R -RHFnu and Sympathetic = R -RLFnu, SBPLFnu, DBPLFnu where R-RHFnu is an HF of R-R interval in normalized units; SBPLFnu is an LF SBP in normalized units; and DBPLFnu is an LF DBP in normalized units.
BRS was assessed by using the sequence technique [22] and baroreceptor effectiveness index calculated as the ratio of baroreceptor sequences (or events) as related to the number of BP ramps.
Resistance exercise programme
Resistance exercise was performed three times per week on nonconsecutive days for 8 weeks. The programme consisted of eight exercises: biceps curl; calf raise; triceps press; chest press; seated hamstrings curl; shoulder press; leg extension and lateral pull down (Precor). Each session lasted between 45 and 60 min and consisted of a 10 min warm-up at approx. 60 % maximum HR on a cycle ergometer followed by resistance exercise done as a circuit, ending with a repeat of the warm-up described. The 1RM (one repetition maximum) was measured [23] at baseline and following the intervention. Initially, participants did two circuits using 50 % of their 1RM, progressing to three circuits, using a minimum 70 % of their 1RM by week 7. Participants were encouraged to increase the resistance used each week when possible. Biweekly supervised sessions were used to encourage adherence and progression and to resolve any problems. HR was recorded during each session (Polar RS400; Polar Electro Oy) and was used alongside exercise logs to assess adherence.
Statistical analysis
Following tests for normal distribution, between-group differences were evaluated using an unpaired Student's t test and within-group differences using a paired Student's t test (twoway). Treatment group×time interactions were assessed using a two-way ANOVA. Analyses were performed using SPSS version 19. Statistical significance was set at P < 0.05. Data are means + − S.D. unless otherwise indicated.
RESULTS
All subjects completed the exercise intervention and attended all 24 sessions of resistance exercise training. At baseline there were no significant differences in anthropometric and metabolic measures between the exercise and control groups (Table 1) . Resistance exercise was associated with a 13 % relative reduction in liver fat and a significant improvement in both glucose control and insulin sensitivity as previously reported [12] . None of the patients demonstrated any clinical signs and symptoms of autonomic dysfunction before and after exercise intervention assessed under resting condition and/or during submaximal exercise.
Resistance exercise did not elicit any changes in resting HR, arterial BP, stroke volume and cardiac output (Table 2 and Figures 1A and 1B) . The LF/HF ratio of the mean R-R interval was reduced by 37 % (P > 0.05) as were the LF/HF ratio of diastolic and systolic BPV by 29 % (P > 0.05) and 19 % (P = 0.55) in the exercise group only. The BRS total mean slope increased by 31 % (P = 0.08) following resistance exercise (Table 3) .
During submaximal exercise, there was a decrease in HR and SBP by 14 and 7 % (16.4 beats/min, P = 0.03 and 16 mmHg, P = 0.22; Figures 1C and 1D ) respectively, and an increase in stroke volume by 7 % (10.2 ml/beat, P = 0.31) in the exercise group only (Table 4) . Mean R-R interval increased by 23 % (159 ms, P = 0.09), whereas no clinically relevant differences were found in any frequency domain measures of the HRV after the intervention in both groups. The HF domain of diastolic BPV was decreased by 17 % (P = 0.05) and the LF/HF ratio increased by 26 % (P = 0.02) following resistance exercise (Table 4) .
DISCUSSION
This is the first study to report the effect of a structured exercise programme on autonomic and cardiac haemodynamic regulation in NAFLD. The data reveal that 8 weeks of resistance exercise therapy improved sympathovagal balance under resting conditions. During submaximal exercise HR was reduced and was paralleled by an increase in HRV. Resistance exercise therapy was also associated with a reduction in SBP as well as with improvement in parasympathetic regulation and sympathovagal balance of DBP during submaximal exercise.
It has been previously suggested that exercise therapy improves autonomic regulation as demonstrated by an increase in HRV and BRS. The present findings show that resistance exercise improves resting sympathovagal balance of HRV (i.e. LF/HF ratio of mean R-R interval) for nearly 40 %. This observation is in line with adaptations reported in heart failure patients [24] and following isometric handgrip training in older hypertensive patients [25] . In contrast, studies in healthy [14, 26] and overweight/obese subjects [27] have reported a stability in sympathovagal balance with resistance exercise. However, the discrepancy in these observations probably lie in differences in age between these studies, with the majority of studies showing no change following exercise using younger people (∼ 25 years of age) [14, 26] . Younger people have good HRV, compared with older people, leaving less room for improvement [28, 29] . The present study highlights the fact that even though patients in the exercise group were younger than those in the control, they tended to improve autonomic regulation. Other studies in better matched groups have used shorter interventions (4 weeks) [27] , highlighting the possible need for longer interventions to confer benefit to autonomic regulation. Although the mechanisms governing the changes in autonomic regulation after resistance exercise therapy remain to be elucidated, physiological contributors to improved sympathovagal balance may include changes in BRS [27, 30, 31] , as demonstrated in the present study.
To date, much of the literature has reported improved autonomic regulation with aerobic exercise therapy in normal [32] [33] [34] [35] and overweight and obese subjects [15, 27] . The evidence outlining the autonomic benefits of resistance exercise is less well defined, even though resistance exercise is recommended as a complement to an aerobically based programme [36] . The cardiovascular response to resistance exercise is significantly different to that of endurance exercise. Whereas endurance exercise imposes a volume load on the cardiovascular system, resistance exercise exerts intermittent marked pressor responses on the cardiovascular system and is thus characterized primarily as a pressure load [37] . Moreover, autonomic modulation during resistance compared with aerobic exercise at the same relative workload or at the same mean BP appears to be divergent [38] .
Resistance exercise improved sympathovagal balance of the peripheral blood vessels during submaximal exercise, demonstrated by a reduction in the LF/HF ratio of systolic and diastolic BPV. Resistance exercise training reduces sympathetic modulation of BPV to a similar extent as aerobic exercise in overweight and obese subjects [27] . Interestingly, it has also been suggested that a dose-response relationship plays an important role in the exercise-induced changes in BPV, with positive effects of moderate but not high intensity exercise training [39] . The present study also suggests that resistance exercise did not affect resting arterial BP and HR. There is general agreement in the literature that aerobic training elicits small but significant reductions of arterial BP. Meta-analysis of resistance training studies suggests that resistance training reduces both SBPs and DBPs at rest [40] . The stability of BP with resistance exercise in the present study, and other studies [41] , suggests that further studies are necessary to better understand the variability in these populations. It should, however, be noted that changes in arterial BP following Table 3 Resting cardiac autonomic measures RRI, R-R interval; LFnu, LF normalized units; HFnu, HF normalized units. resistance exercise are not necessary coupled with changes in autonomic regulation [14] . This suggestion is supported by the findings of the present study that resting BP remained unchanged despite a decrease in the LF/HF ratio of BPV. The result of the present study do reveal beneficial effects of resistance exercise on haemodynamic and autonomic regulation during submaximal exercise. Resistance exercise therapy was associated with a 16 + − 9 beats per minute reduction in HR and a reduction of 159 + − 78 ms in mean R-R interval of HRV during submaximal exercise. These findings are in agreement with a previous study demonstrating that strength training improves vagal modulation of the HR at submaximal exercise intensity [42] , playing an important cardioprotective role during normal daily activities. In addition, reduced HR was accompanied with a slight increase in stroke volume and reduced cardiac output by 0.8 + − 1.9 litres/min, suggesting a more efficient cardiac response during exercise compared with pre-intervention in the exercise group. The data further suggest that SBP response to exercise reduced in the exercise group by 11 mmHg with no changes observed in power spectral analysis of systolic BPV, i.e. HF, LF or LF/HF ratio. In contrast, there was a decrease in HF and an increase in LF/HF ratio of spectral power of DBP, suggesting that autonomic regulation of DBP during submaximal exercise is attenuated following resistance exercise.
The present study is not without limitation. The modest sample size limits the statistical power of the study. However, the magnitude of observed changes in the key variables supports a potential beneficial effect of exercise therapy in NAFLD. Also, without a healthy control exercise group it is difficult to comment whether observed alterations in autonomic regulation following resistance exercise are specific to NAFLD.
In conclusion, the present data report that resistance exercise therapy may improve measures of sympathovagal balance of HR and BP variability and increase BRS at rest, and also haemodynamic response during submaximal exercise in patients with NAFLD. These preliminary findings warrant future studies to define the role of exercise therapy in NAFLD patients with signs and symptoms of autonomic and haemodynamic dysfunction.
CLINICAL PERSPECTIVES
r Prevalence of autonomic dysfunction in patients with NAFLD is high, but therapies to improve autonomic regulation are limited. The present study defines the impact of a short-term exercise programme on cardiac autonomic and haemodynamic regulation in patients with NAFLD.
r Results show that resistance exercise therapy can improve measures of autonomic function such as HR and BPV. In addition, it improves central haemodynamic response to physiological stimulation as demonstrated with reduced HR and BP response to submaximal exercise.
r Exercise therapy can improve cardiovascular risk profile in patients with NAFLD and should be used in clinical management of the condition.
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